Biochar has the potential to make a major contribution to the mitigation of climate change, and enhancement of plant production. However, in order for biochar to fulfill this promise, the industry and regulating bodies must take steps to manage potential environmental threats and address negative perceptions. The potential threats to the sustainability of biochar systems, at each stage of the biochar life cycle, were reviewed. We propose that a sustainability framework for biochar could be adapted from existing frameworks developed for bioenergy. Sustainable land use policies, combined with effective regulation of biochar production facilities and incentives for efficient utilization of energy, and improved knowledge of biochar impacts on ecosystem health and productivity could provide a strong framework for the development of a robust sustainable biochar industry. Sustainability certification could be introduced to provide confidence to consumers that sustainable practices have been employed along the production chain, particularly where biochar is traded internationally.
Introduction
Biochar has the potential to make a major contribution towards mitigating climate change and enhancing agricultural productivity (Lehmann et al., 2006) . However, in order for this potential to be realized, the adoption of biochar must occur together with implementation of adequate controls to manage potential environmental threats associated with its deployment. The overall sustainability of biochar production and use, including sourcing of the feedstock, manufacture, and application, needs to be considered to ensure that there is a net positive impact when environmental, social, and economic perspectives are considered.
The global technical potential for mitigation of greenhouse gas (GHG) emissions through biochar made from sustainably produced biomass sources has been estimated at 6.6 Gt CO 2 -equivalent (CO 2 -e) annually (Woolf et al., 2010) . Although both positive and negative impacts on crop productivity have been recorded, a meta-analysis of published responses to biochar application showed that, on average, yields were increased by 10% (Jeffery et al., 2011) , while some studies have found stimulation of plant growth by up to 100% or more (Peng et al., 2011; Waters et al., 2011) . Significant opportunities also exist for biochar to be used for environmental remediation, such as for enhancing biodegradation of petroleum hydrocarbons in soil (Bushnaf et al., 2011) , immobilizing and thereby reducing the bioavailability and phytotoxicity of heavy metals (Namgay et al., 2010; Park et al., 2011) , adsorbing polycyclic aromatic hydrocarbon (PAH) in soils (Chen & Yuan, 2011) , and preventing herbicide leaching and subsequent contamination of water bodies . Therefore, biochar may deliver sustainability benefits beyond GHG emission abatement, through enhanced food production and land remediation.
Despite many reports of positive plant growth responses, and demonstration of potential climate change mitigation benefits (Gaunt & Cowie, 2009; Roberts et al., 2010; Woolf et al., 2010) , the promise of biochar has not been embraced universally. Potential risks to the sustainability of biochar systems have been identified by a number of stakeholders (Biofuelwatch, 2011; Downie et al., 2012) . Management options have been proposed, and some implemented, to mitigate these risks, to ensure that a net positive outcome is achieved (Downie et al., 2012) . Sustainability certification, such as has been implemented in the forestry industry (Karmann & Smith, 2009 ), may offer a mechanism to improve confidence of consumers and regulators in the sustainability of biochar.
In this paper, we take a life cycle perspective to assess the aspects of biochar production and use that may contribute, either positively or negatively, to the overall sustainability of the biochar concept. We propose that certification can play a role in promoting sustainable practices in biochar production and use. Economic options and impacts of establishing and employing biochar systems were not considered.
Sustainability of Biochar Systems

Feedstock acquisition
The source of biomass used for biochar production is a key aspect in the overall sustainability of the system. Biomass is a renewable but finite resource that often has many competing uses, and delivers a range of economic, social, and environmental services.
Biomass for biochar may be sourced from residues that would otherwise be sent to landfill or incinerated. In such cases, the use of biochar may avoid release of the powerful GHG methane and nitrous oxide, minimize nutrient contamination of groundwater, enhance resource recovery, and reduce the volume of material being sent to landfill, thus delivering multiple environmental benefits. Several investigations into the potential of biochar systems have targeted low-value biomass resources that are underutilized and will be replenished within the timeframes required for continuous supply (Woolf et al., 2010; Duku et al., 2011) .
Sourcing biomass from an established alternative use requires scrutiny to ensure that negative impacts are minimized. For example, if biomass is obtained from crop stubbles, dedicated biomass crops or plantation forest harvest residues, there is a risk that their removal will lead to decline in soil fertility, reduction in soil carbon stocks, and increased erosion (Cowie et al., 2006; Janowiak & Webster, 2010; Farine et al., 2011; Werhahn-Mees et al., 2011) . Alternatively, if biomass is obtained from native forests, harvesting of this resource must be managed to reduce risk of loss of carbon stock in biomass and soil, and to reduce potential threats to environmental services (water quality, biodiversity conservation) (Biofuelwatch, 2011) . Sustainable land management practices that minimize nutrient removal and erosion can reduce these risks (Cowie et al., 2006) . The risk that purpose-grown crops or plantations may displace other land uses leading to deforestation elsewhere ("indirect land use change") should also be considered.
Understanding the risks and developing appropriate management systems for the acquisition of biomass feedstocks for biochar is important to ensure that sustainable systems are deployed.
Biochar production
Biochar is manufactured by heating biomass in oxygen-limited conditions. Traditional charcoal-making processes may utilize pits, mounds or simple kilns, while advanced pyrolysis technologies involve continuous rather than batch processes, operated in complex engineered plants where process conditions are well-controlled (Brown, 2009) . Sustainability concerns in the manufacture of biochar include the potential release of air pollutants, emissions of GHG, and conversion efficiency of biomass resources to biochar and energy products.
Biochar production through traditional charcoal-making processes commonly releases particulates and methane. The former may affect human health, while the latter is a powerful GHG, with global warming potential 25 times higher than CO 2 (Forster et al., 2007) . Both of these issues are managed in modern production facilities through capture and use of volatiles in powering the process, and the use of modern emission-control methods. As a minimum, volatiles should be flared to convert methane to the less-powerful GHG CO 2 .
Where feedstock materials are derived from waste streams, risk of harmful emissions is increased, due to the presence of contaminants. For example, municipal wastes are likely to contain glass, hard plastic, film plastic, metals and textile contamination (Brinton Junior, 2005) . Compost standards regulate for these contaminants (Standards Australia, 2003) , and it will be important to introduce similar regulation for biochar products. A contaminant of particular concern is polyvinyl chloride (PVC), found in products such as pipes, sheets, panels, tiles, toys, adhesives, and paints, which may lead to dioxin formation during thermal treatment, potentially resulting in air quality issues. Chlorinated PVC (CPVC), in particular, is a risk as it has been shown to release hydrogen chloride and form chlorinated aromatic rings (Urabe & Imasaka, 2000) . However, under pyrolysis conditions, where oxygen is restricted during thermal processing, the formation of dioxins can be minimized or avoided (Wijesekara et al., 2011) , so the risk of dioxin formation from PVC is lower using pyrolysis, compared to other technologies such as gasification or incineration.
Metals that would be expected to sublimate (e.g., mercury, cadmium and, to a lesser extent, arsenic) could contaminate local environments surrounding the processing facility, and may also cause risks to operators. One of the greatest risks for air quality is feedstock contaminated with treated wood. Common treatments of concern include chromated copper arsenate (CCA), high-temperature creosote (HTC), pigmented emulsified creosote (PEC), and light organic solvent preservative (LOSP). Waste wood sources may also contain painted surfaces, with older paints likely to contain lead compounds. Laboratory scale pyrolysis of CCA treated wood has shown that increasing temperature results in a slight increase in arsenic volatilization up to 390 o C, with a sharp increase in volatilization at higher temperatures. Chromium loss was less affected by increasing temperature (Cuypers & Helsen, 2011) . In a separate study by Kakitani et al. (2004) , pyrolysis of CCA-treated wood showed that the arsenic was initially decomposed to arsenic pentoxide, which then appeared to be released at around 400-500 o C as arsenic trioxide, and to a lesser extent, an unreacted arsenic compound. Pyrolysis temperatures around 300-350 o C resulted in almost all toxic elements remaining in the biochar.
Dioxin, heavy metal and particulate emissions are commonly regulated in air-quality standards. Concerns remain for non-engineered systems that pyrolyze biomass without an appropriate gas emission clean up mechanism, such as those operating in countries with limited enforcement of environmental regulations, or at a small scale where such regulations may not apply.
The net GHG mitigation across the biochar lifecycle will be contingent on the energy efficiency of the conversion process. The use of fossil fuels in biochar manufacture will undermine the saving in emissions through delayed degradation of biomass. Therefore, processing plants that have higher levels of energy efficiency, such as through the utilization of the synthesis gas (syngas) produced during pyrolysis for internal heating requirements and bioenergy export to offset fossil fuel used in harvesting and pre-processing, will be more sustainable than more simple processes that do not utilize the syngas.
Environmental impacts at a processing plant are generally more tractable to manage than many of the other impacts along the value chain. Therefore, identification of impacts can be directly linked to mitigation strategies to manage the risk, and thus, the sustainability outcomes for this part of the value chain are potentially readily attainable.
Biochar utilization
The sustainability issues of relevance to the utilization stage of the biochar life cycle relate to its Pesq. agropec. bras., Brasília, v.47, n.5, p.637-648, maio 2012 impacts and interactions when applied to soil. These can include (Verheijen et al., 2010) : impacts on the carbon cycle -stabilization of C in biochar and stimulation or inhibition of soil organic matter decomposition; physical impacts on soil structure, water holding capacity, and hydrophobicity; biological and chemical impacts on soil biota, nutrient cycling, and nutrient balances; and impacts from possible contaminants in biochar.
Specific issues for sustainability are considered further below.
Biochar has been increasingly recognized as a recalcitrant material that can provide long-term carbon sequestration in soil (Lehmann & Joseph, 2009; . However, concerns have been raised about its potential to stimulate decomposition of native soil organic matter, known as a "positive priming" effect, which could potentially offset carbon gains from biochar application. For example, forest-derived charcoal has been shown to stimulate loss of boreal forest humus by increasing microbial activity in the associated charcoal-humus mixtures contained within litterbags (Wardle et al., 2008) . More recently, Luo et al. (2011) reported enhanced mineralization of native soil organic carbon in the presence of biochar, apparently stimulated by water-soluble components of biochars. Cross & Sohi (2011) showed that although labile biochar-derived carbon was the major source of enhanced short-term carbon loss from biochar-amended soils, biochar presence has the potential to reduce native organic loss from agricultural soils. Similarly, Keith et al. (2011) showed that biochar application reduced the mineralization of added sugarcane residues in a smectitic clay soil, which they attributed to possible sorption of labile organic matter on biochar and to interactions between biochar, native organic matter and soil minerals stimulated by the addition of labile organic matter (sugarcane residue). Likewise, Liang et al. (2010) observed rapid stabilization of added labile organic matter (sugarcane residues) into organo-mineral fractions in 'aged' biochar-amended Anthrosols. The balance of evidence suggests that the application of biochar may stimulate native soil organic matter decomposition in the short term, but the magnitude of organic carbon loss is generally small and unlikely to significantly reduce the large carbon sequestration potential of biochar (Cross & Sohi, 2011; Keith et al., 2011; Luo et al., 2011) . Further research is needed, using biochars with different mineralization rates and soluble organic matter contents to examine the timing, direction and persistence of the priming effect of biochar in soils of contrasting mineralogy and carbon levels.
Several studies have found an increase in the water-holding capacity of different soils with increasing rate of biochar (Fellet et al., 2011; Karhu et al., 2011; Streubel et al., 2011) . Biochar also enhances aggregation (Fellet et al., 2011) , so it may improve infiltration of rainfall. Thus, biochar may increase tolerance of agricultural systems to drought (Kammann et al., 2011) . However, biochars may increase hydrophobicity, due to alkyl functional groups, although, increases in field-capacity water content, and negligible impacts on hydrophobicity are observed when biochars are produced at temperatures between 400 and 600 o C (Kinney et al., 2012) .
Biochar has reactive surfaces that can adsorb nutrients, reducing leaching and, thus, contributing to reduced environmental contamination and increased fertilizer use efficiency (Van Zwieten et al., 2010a) . The sorptive capacity of biochar can also produce negative effects; Kookana et al. (2011) observed that biochar reduced the efficacy of pre-emergent herbicides, while also reducing their biodegradability, which suggests that greater rates of herbicides may be required where biochar is applied, and that these chemical will be more persistent in the environment.
Concerns have been raised about whether biochars contain dioxins or PAH, leading to environmental contamination. However, studies have found very low levels of dioxin, and generally low levels of PAH in a wide range of biochars (Downie et al., 2012) . Concerns have also been expressed about whether biochar produced from contaminated feedstocks may contain toxic components, which could contaminate agricultural lands (Verheijen et al., 2010) . Biochars with elevated metal concentrations can occur from feedstocks such as biosolids and animal manures (Van Zwieten et al., 2010b) . Metals and minerals in the feedstock that have sublimation temperatures above the temperature of the pyrolysis reactor will concentrate into the biochar (Bridle & Pritchard, 2004) , with concentration factors dependent upon the mass loss of biomass during the pyrolysis process. Controls are required to ensure that biochar applied to soil does not exceed acceptable thresholds for heavy metals and other possible contaminants. Biochar application to contaminated soils can, in fact, reduce the availability of some heavy metals (Namgay et al., 2010; Uchimiya et al., 2012) and PAH (Gomez-Eyles et al., 2011) .
Several authors have stressed the need for better understanding of long-term agronomic and environmental impacts of biochar application to soils (Verheijen et al., 2010; Kookana et al., 2011) . Nevertheless, the need for additional research should not delay the deployment of biochar in situations where benefits have been shown and risks are minimal. Guidelines can be devised to identify these low-risk situations.
GHG impacts across the biochar life cycle
Life cycle assessment (LCA) is a tool devised to quantify the total environmental impact of a product or process (International Organization for Standardization, 2006) . LCA has been widely employed to assess the climate change impacts of bioenergy systems (Cherubini et al., 2009; Cherubini, 2010) . Several studies employing LCA or partial LCA approaches have been used to quantify the climate change impacts of biochar production and use (Gaunt & Cowie, 2009; Roberts et al., 2010; Woolf et al., 2010; Hammond et al., 2011) . LCA assesses the GHG emissions and sequestration across the biochar life cycle including aspects highlighted in the previous sections -such as changes in soil and biomass carbon stocks due to procurement of biomass; fossil fuel use in harvesting, processing, transport and application of biochar; and indirect emissions such as from fertilizer manufacture. Emissions of all relevant GHG are included, that is, N 2 O and CH 4 as well as CO 2 . The net impact of biochar is determined by comparing the biochar life cycle with the applicable reference system, representing the conventional soil amendment and use of the biomass, and, where the biochar production process produces an energy co-product, the conventional energy source.
LCA studies have estimated net emissions reduction for different biochar scenarios at 0.7-3.1 Mg CO 2 -e per Mg (dry) feedstock, if indirect land use change is omitted (Gaunt & Cowie, 2009; Roberts et al., 2010; Hammond et al., 2011) . However, where purpose-grown biomass is used for biochar, and indirect land use change is assumed to occur, the benefits are reduced, and emissions could even be increased (Roberts et al., 2010) . The wide variation in these assessments results from differences in the biochar scenarios (feedstock, design and scale of pyrolysis plant, displaced fossil energy source) and differences in assumed impacts of biochar. Uncertainty is high, particularly for the impacts of biochar on plant growth, fertilizer requirements and nitrous oxide emissions.
Biochars from wood residues have a greater emission mitigation potential than biochars from manures, because manure biochars have a shorter mean residence time in soil than that of wood biochars . In general, there is greater benefit from biochar made from residues than from purpose-grown biomass crops, due to additional fossil fuel inputs and losses of soil carbon in producing the biomass, and due to the decomposition emissions assumed to be avoided where residues are used (Roberts et al., 2010) .
Temperature of the pyrolysis kiln affects the stability of the biochar and the yield of biochar vs syngas: at higher temperatures, the biochar produced is more resistant to decay in soil , but there is less biochar produced. Beneficial use of syngas released during the pyrolysis process to displace fossil energy is an important contributor to the abatement value of biochar systems. Displacement of GHG-intensive energy sources such as electricity from brown coal, gives greater abatement than displacement of less GHG-intensive sources such as electricity from natural gas (Cherubini et al., 2009) .
Reduction in nitrous oxide emissions from agricultural soils is an important contributor to abatement, so assumed benefits are greater for crops with high nitrous oxide emissions, such as irrigated crops with high-nitrogen fertilizer requirements.
The major contribution to abatement arises from carbon storage in the biochar (Roberts et al., 2010; Hammond et al., 2011) . The contributions of organic matter stabilization, avoided nitrous oxide emissions from soil, avoided methane emissions from landfill, and displacement of fossil fuel emissions vary between alternative scenarios, and are highly dependent on the assumptions employed (Wu et al., 2008; Gaunt & Cowie, 2009; Roberts et al., 2010; Hammond et al., 2011) . The total abatement value can be greater than the CO 2 sequestered in biomass, and can be greater than if the biomass was used solely for bioenergy (Woolf et al., 2010; Hammond et al., 2011) .
There is potential for biochar systems to generate carbon credits in emissions trading markets and, thus, Pesq. agropec. bras., Brasília, v.47, n.5, p.637-648, maio 2012 provide a financial incentive for the adoption of biochar technologies (Gaunt & Cowie, 2009 ). Acceptance of biochar in emissions trading schemes will require confidence in the calculation and verification of the abatement claimed. Sustainability certification, discussed below, could contribute to confidence in biochar as a legitimate offset.
Managing risks Filling the knowledge gaps
We know that some biochars are more effective in mitigating GHG emissions and improving productivity than others, and that some crops and some soils are more responsive than others (Waters et al., 2011) . We also know that biochar can sometimes have negative agronomic impacts (Jeffery et al., 2011) , and that its properties are dependent on the biomass feedstock and the production process . Nevertheless, research into biochar properties and the interactions of biochar with soil, plants and microorganisms is still in its infancy and is likely to expand over the coming years. Current research aims to develop methods for characterizing key properties of biochar, to enable the matching of particular biochars to crop requirements and soil limitations (Cross & Sohi, 2011) . As knowledge grows, the targeted application of biochar to environmentally beneficial applications will become more prescriptive, and uncertainty in calculation of GHG impacts will be reduced.
Future research should aim to understand the overall capability and limitations of the various biochar systems that may develop utilizing different biomass sources and process technologies, and targeting different biochar markets. This research should focus on elucidating underlying processes. A comprehensive understanding of all aspects of every biochar in every soil system will be expensive and time-consuming to achieve; rather than waiting for such research, process-level knowledge should be used to define sustainable applications and develop good practice guidelines, to minimize risks. This will allow roll-out of biochar systems to commence, and climate change mitigation benefits to accrue.
Sustainability assessment
The rapid expansion of the bioenergy industry (and in particular the so-called 'first generation' biofuels) through the early 2000's led to many sustainability issues arising, through both direct and indirect effects (Delucchi, 2010) . Many governments and market segments now consider that quantitative, robust and independently verified sustainability credentials are vital in order for the bioenergy industry to expand globally (O'Connell et al., 2009 ). This recognition is translating into government policies in many countries, which will confine market access and government support to those bioenergy products (i.e., biomass, or energy carriers such as biofuel) which meet specified sustainability criteria or standards. In response to this, there is a proliferation of approaches including policy and regulatory instruments. As well, voluntary compliance mechanisms, such as certification and industry codes of conduct, are being developed for domestic and international markets. Lewandowski & Faaij (2006 ), Fehrenbach et al. (2008 , Van Dam et al. (2008) and O'Connell et al. (2009) have reviewed the principles, objectives, criteria and indicators used to assess sustainability across a range of certification and reporting systems of relevance to biomass. Table 1 lists some of the major schemes. We assert that the schemes being developed for the bioenergy industry are directly relevant, and could be applied to the feedstock sourcing and plant operation stages of biochar systems.
Towards a sustainability framework for biochar
Amongst the plethora of established and developing bioenergy sustainability assessment initiatives, listed in Table 1 are the schemes we consider to hold the greatest relevance for adaptation to biochar systems. Sustainability criteria and indicators developed for biochar will need to extend beyond the existing bioenergy sustainability schemes, to encompass the effects on soil, any substitution of soil amendments, as well as the sequestration value of the biochar. The adaptation and ongoing development of any sustainability scheme for biochar should aim to harmonize with other schemes and approaches, for consistency, to minimize duplication, and to reduce the burden on producers seeking to assess biochar sustainability.
A scientifically robust and socially accepted sustainability framework for biochar should be developed utilizing knowledge of biochar impacts and mitigation value. Devising such a framework requires, a scientifically-based conceptual framework for sustainability assessment; engagement of a broad range of stakeholders, working to achieve consensus; and institutional mechanisms involving regulation and incentives, at domestic and international level, to ensure the widespread adoption of agreed sustainability assessment and assurance measures (O'Connell et al., 2009) .
A framework for sustainable biochar production and use should comprise agreed sustainability principles, encompassing: environmental, social and economic goals; articulated criteria that describe the elements of sustainability; and specific indicators for monitoring and assessment of trends in sustainability (O'Connell et al., 2009) . Indicators need to be practical, cost-effective, outcome-based, and sensitive to change in significant processes of the human-environment system. They should be relevant across a range of locations and production systems, and have minimal transaction costs, to encourage industry participation, while maintaining sufficient rigor to ensure credibility. Ensuring that small-scale producers are covered, but not disadvantaged, will be a significant challenge.
Sustainability must be clearly defined, then assessed and assured at each stage of the value chain, and for the system as a whole. The following elements should be considered in determining and assessing the sustainability of biochar systems: 1, environmental impacts of biomass procurement on soil health (including nutrient levels, organic matter, structural stability, and erosion), on water resources, and on biodiversity -considering both on-farm impacts and offsite impacts including indirect land use change; 2, impacts of biochar production (e.g. GHG emissions and release of pollutants, efficiency of utilization of syngas, and process heat to displace fossil energy sources); 3, impacts of biochar application (e.g. on soil health, nutrient leaching, and efficacy of pesticides); 4, local and regional social impacts (e.g. impacts on rural incomes and health); and 5, whole system assessment (e.g. life cycle climate change impact, ecosystem function, and resilience).
The challenge is to develop a scheme that is sufficiently flexible to accommodate different geographical locations, production systems, social settings and monitoring capacity and which is also sufficiently robust and comprehensive to ensure objectives are met.
Sustainability certification for biochar
The development of a sustainability framework for biochar, employing the approaches described above, will facilitate acceptance of biochar by society and individual consumers. Options for implementation of a sustainability framework vary from good practice guidelines, through voluntary certification, to regulation. A scheme that involves assessment by an independent third party has greater credibility than self-declaration. A sustainability scheme could be supported by regulation that specifies requirements Pesq. agropec. bras., Brasília, v.47, n.5, p.637-648, maio 2012 for certification to access particular markets; biochar producers and users will be motivated to develop appropriate management systems and obtain certification to enable them to access these markets. Two examples of this approach include: the European Renewable Energy Directive (2009/28/EC) (European Parliament, 2009 ), under which, in order to count towards the renewable target, producers of biofuels must avoid certain feedstock sources (e.g., peatland cleared since January 2008), and feedstocks such as wastes are favored; and the Biofuels Act (2007) in the Australian state of New South Wales, which requires biofuel producers to meet sustainability requirements (currently specified as the RSB scheme), in order to qualify as eligible under the mandated biofuel target. This type of approach is particularly relevant for products traded internationally, as a mechanism by which importing countries can influence the production processes.
Establishment of a certification scheme will take time, to agree on intent, substance, and to develop the necessary institutional support and governance structures, including verification processes. Multiple schemes may emerge, requiring producers and consumers to choose between them. For example, this is the experience of the forestry sector, where multiple sustainability certification schemes now operate across the globe including the Forest Stewardship Council (FSC) and the Programme for the Endorsement of Forest Certification schemes (PEFC) (see below).
To support a certification scheme, methods for assessing biochar are required to identify whether biochars have undesirable properties or have been produced in environmentally unsound manner. Recent research into methods for characterizing key properties of biochar Cross & Sohi, 2011) could support such assessments. The International Biochar Initiative is working to produce guidelines for sustainable application of biochar to soil (International Biochar Initiative, 2012) .
Recognizing that sustainability should consider the whole product life cycle, certification must assess all stages from feedstock production or procurement through processing to utilization. Assembling this information is relatively easy for a vertically-integrated business, but will be particularly challenging where biomass is obtained from multiple small-holders. The biochar producer will need to monitor and report on the systems of feedstock production and biochar processing, which will require resources that may be beyond the capacity of small producers. Thus certification schemes will favor larger producers, who have the capacity to invest, which could result in the displacement of small producers who are unable to access the restricted markets.
It has been suggested that sustainability certification could be employed as a barrier to trade (Junginger et al., 2010) . Feeding this perception is the variable application and regulation of schemes across and between nations. Adequate governance to ensure that stated objectives of the respective schemes are addressed may be absent. As has been the experience for timber production, certification may be taken up largely by operators, and in those counties, for which there is less concern, with limited uptake in jurisdictions with weak or ineffective regulatory environment. These issues reduce credibility and acceptance of the value of certification schemes.
In some jurisdictions, all aspects of the biochar lifecycle are already regulated by various disconnected but overlapping schemes. For example, feedstock harvesting may come under one or more of the schemes outlined in Table 1 ; the construction and operation of a processing plant will come under local planning and environmental regulations; and the application of soil amendments may also be regulated by environment protection authorities. The biochar system may also be measured, monitored and verified to meet mandated or voluntary greenhouse gas emissions targets. Where existing systems for monitoring and reporting on sustainability are considered adequate, these systems could be recognized as meeting the requirements for sustainable biochar certification, in much the same way as the EU Renewable Energy Directive accepts biofuels certified under a range of certification schemes. Such a process for mutual recognition of existing and developing sustainability certification schemes would minimize unnecessary burden on participants and encourage adoption.
Sustainability certification experiences in the forestry industry
In developing robust systems for biochar, there is value in reviewing the experiences of the forestry industry in implementing certification for sustainable forest management. There are many studies which assess the efficacy of forest certification as a mechanism for facilitating sustainable forest management (Karmann & Smith, 2009; Peña-Claros et al., 2009 ). Karmann & Smith (2009 reviewed the outcomes and impacts of FSC certification, drawing on a range of previous studies. They acknowledged the lack of systematic research design in evaluating 180 papers, but concluded that there was reliable evidence that FSC certification has improved the conservation status and enhanced biodiversity levels in certified forests. The certification process can catalyze changes to forest management even among industry leaders; the encouragement of a more participatory forest policy and process is one benefit (Ros-Tonen, 2004) . Benefits to local communities and forest workers include employment of local people, and improvement of health and safety standards because FSC forest management standards are generally above those demanded by national legislation and regulations (Karmann & Smith, 2009 ).
While there is continuing discussion over the efficacy of certification per se (FSC-watch (2012)), the bigger issue is that only a small proportion of the world's forests are certified, and that most of the certified forests are in countries where there are already regulatory and other mechanisms to promote sustainable forest management (Stupak et al., 2011) . In 2007, certified forests covered 306.3 million ha, constituting about 7.9% of the 3.9 billion ha of global forests (Purbawiyatna & Simula, 2008) . More than 84% of the certified forests were in North America and Europe, and 7% in developing countries (Purbawiyatna & Simula, 2008) .
In summary, although debate over the relative merit of each forestry certification scheme continues, it appears that in those countries that undertake international sustainability reporting [Montreal (Montréal Process Working Group, 2012) or Helsinki (International Institute for Sustainable Development, 2012) process] and have adequate governance to ensure compliance, or where robust certification schemes such as FSC are applied, there is evidence that there are improved sustainability outcomes. Where there is no reporting obligation, or absence of mechanisms to ensure measurement, monitoring or compliance, the reverse is true.
Final considerations
Biochar shows great promise as a technology that can contribute significantly to mitigation of climate change, whilst assisting in the reduction of land degradation and promoting agricultural productivity. Potential negative impacts of biochar systems can be addressed through adoption of best management practices in land use, for the provision of biomass and biochar application, and the utilization of advanced biochar production technologies to minimize pollution and optimize energy efficiency. Proactive development of robust industry guidelines and policies is needed to encourage adoption of these practices, to ensure that concerns of negative consequences are adequately addressed and do not divert attention from the multiple environmental benefits of biochar. These guidelines should promote adaptive and continuous improvement. Sustainable land use policies combined with effective regulation of biochar production facilities, incentives for efficient utilization of energy, and improved knowledge of biochar impacts on ecosystem health and productivity could provide a strong framework for development of a sustainable biochar industry. Sustainability certification could be introduced to provide confidence to consumers that sustainable practices have been employed along the production chain, particularly where biochar is traded internationally. v.108, p.16-23, 2010. 
